[1] The recent loss of Jakobshavn Isbrae's extensive floating ice tongue has been accompanied by a change in near terminus behavior. Calving currently occurs primarily in summer from a grounded terminus, involves the detachment and overturning of several icebergs within 30-60 min, and produces long-lasting and far-reaching ocean waves and seismic signals, including ''glacial earthquakes''. Calving also increases near-terminus glacier velocities by $3% but does not cause episodic rapid glacier slip, thereby contradicting the originally proposed glacial earthquake mechanism. We propose that the earthquakes are instead caused by icebergs scraping the fjord bottom during calving. Citation: Amundson, J. M., M. Truffer, M. P. Lüthi, M. Fahnestock, M. West, and R. J. Motyka (2008), Glacier, fjord, and seismic response to recent large calving events, Jakobshavn Isbrae, Greenland, Geophys. Res. Lett., 35, L22501,
Introduction
[2] During the past decade Jakobshavn Isbrae (Greenlandic name: Sermeq Kujalleq) and numerous other outlet glaciers draining from the Greenland Ice Sheet have dramatically thinned, accelerated, and retreated, in some cases doubling their iceberg calving rates [Abdalati et al., 2001; Rignot and Kanagaratnam, 2006] . Although ice discharge accounts for roughly two-thirds of the mass loss from the Greenland Ice Sheet [Rignot and Kanagaratnam, 2006] , calving processes, terminus stability, and related changes in glacier motion remain poorly understood. Consequently, controls on terminus dynamics have not been fully incorporated into predictions of Greenland's future mass balance and therefore current models may considerably underestimate future sea level rise [Intergovernmental Panel on Climate Change, 2007; Rahmstorf, 2007] .
[3] Jakobshavn Isbrae (Figure 1a ), which drains 7% of the Greenland Ice Sheet [Bindschadler, 1984] , began a calving retreat in the 1990's [Luckman and Murray, 2005] after roughly 50 years of terminus stability [Sohn et al., 1998 ]. Initial thinning [Thomas, 2004] and acceleration [Joughin et al., 2004] of the glacier has been followed by the collapse of an extensive floating tongue and over 10 km of terminus retreat [Csatho et al., 2008] . The terminus, which now fluctuates $5 km annually (double the pre-retreat fluctuations [Sohn et al., 1998 ]), is floating in winter and grounded in late summer. These variations are visible in time-lapse photography: icebergs calved in summer often contain dirty basal ice and are smaller and more rounded (never tabular) than icebergs calved in winter. Furthermore, surveying measurements (discussed below) show that there is no vertical tidal motion of the terminus in summer. Calving that occurs in summer therefore differs from calving events that occurred prior to the loss of the glacier's extensive floating tongue, which persisted year round and calved tabular icebergs in summer [Hughes, 1986] . In this paper we characterize recent large calving events and the glacier, fjord, and seismic response to these events.
Methods
[4] During summer 2007 we deployed several instruments, all synchronized to UTC time, to study Jakobshavn Isbrae and its proglacial fjord (Figure 1a) [7] Hereafter we focus on calving that occurred in summer from a grounded terminus. We observed calving icebergs that penetrated the entire glacier thickness ($900 m, see below) and were a kilometer in lateral width and several hundred meters in the flow direction (Figure 2 ). The calving events typically lasted 30-60 min, during which several of these icebergs calved and overturned (top toward or away from the terminus). Each iceberg rotated 90°within 5 min (Figures 2c-2f ), displaced up to $0.5 km 3 of water, and lost more than 10 14 J of potential energy. As a result the icebergs sprayed water and ice particles over the 100 m high terminus, produced ocean waves with local amplitudes of several meters and periods greater than 30 s (Movies S1 and S2), and propelled most icebergs in the ice-choked fjord rapidly down fjord ($2 km in an hour, Figure S1 ). Icebergs near the terminus abruptly decelerated once the events ended (Movie S2). On one occasion (17 August 2007) icebergs at the fjord mouth 50 km away were observed moving 1 -2 km hr À1 several hours after an event. Furthermore, waves from all events were detected by our tide gauge 30 min after calving initiated and for a duration of six hours (with amplitudes much reduced, Figure S2 ). Similar waves have been attributed to, but not correlated with, calving [Sørensen and Schrøder, 1971] . In contrast, between events icebergs in the upper fjord were pushed forward at the same speed as the advancing terminus ($35 m d À1 , see Figure S1 and below).
[8] A similar calving event was recently observed at Columbia Glacier, Alaska, as its terminus became buoyant (T. Pfeffer, personal communication, 2008) . More commonly, though, large calving events observed at grounded tidewater glaciers in Alaska involve the top, middle, and bottom parts of the termini calving separately and in succession within 5 -30 min [O'Neel et al., 2003] .
[9] Our local, land-based seismometer recorded unique seismic signals originating from the calving events. The seismograms are characterized by (1) emergent, cigarshaped envelopes that last about as long as the calving events (up to an hour) and have several peaks, (2) high energy between 0.5 and 30 Hz with maximum energy at $4 Hz, (3) ground motion that, at low frequencies, is preferentially-oriented perpendicular to the fjord walls, (4) continuously elevated seismic activity for several hours after calving (sometimes over 24 hours) (Figure 3 ), (5) resemblance to seismograms produced by icebergs overturning in the fjord ( Figure S3 ) during periods of no calving, and (6) occasionally have one or two high amplitude spikes that document maximum ground motion during the events and contain significant energy below 1 Hz (Figures 3c-3f) . Characteristics (1) and (2) are in good agreement with observations at Columbia Glacier [Qamar, 1988; O'Neel et al., 2007] . While these seismograms may be a result of water-driven fracture propagation [O'Neel et al., 2007] , characteristics (1) and (3) - (5) suggest that much of the local seismic signal is instead caused by the loading and unloading of the coast by large ocean waves [e.g., Yuan et Figure 1a) , assuming constant velocity (blue), constant but non-zero strain rate (red), and strain rates that change at each calving event but otherwise remain constant and non-zero (green). Calving events are indicated by dashed lines. The root mean square errors are 3.06, 0.86, and 0.12 m, respectively. Note the break in slope of the red and blue curves on 21 May. Data gaps are due to bad weather. (c) Velocity of the four fastest survey markers (line colors correspond to markers in Figure 1a) . al., 2005], which may disturb the densely-packed fjord for hours. We propose that the emergent, cigar-shaped envelopes reflect the gradual growth and decay of ocean waves during calving events and that the peaks reflect the detachment and overturning of individual icebergs.
[10] Seismograms of glacial earthquakes (discussed below) closely resemble local and far-field seismograms from calving events ( Figure S4 ). This more tightly-constrains the observation that glacial earthquakes are associated with calving [Joughin et al., 2008] . Not all calving events produce glacial earthquakes and furthermore, glacial earthquakes only occupy short time windows within the locally recorded seismograms (e.g., the spike in Figure 3c is a candidate for a glacial earthquake).
[11] In contrast to the activity at the terminus and in the fjord, changes in glacier motion associated with calving were small. At no time before, during, or after calving did any of the glacier survey markers experience jumps in horizontal position larger than the error of the survey measurements (±0.15 m and ±0.02 m for the nearterminus optical and up-glacier GPS surveys, respectively) (Figures 1b, S5 , and S6). However, the position plots for the near-terminus markers do show breaks in slope, which are indicative of step changes in velocity, that coincide with calving events (Figures 1b and S5) . To quantify the step changes, we split the data into intervals bounded by calving events, rotated them into along-and across-flow directions, and assumed that the velocity at fixed points in space remains constant between calving events. Thus, the total derivative of a marker's along-flow velocity within each interval is
where x, u, and _ xx are the along-flow position, velocity, and extensional strain rate, and t is time. Integrating twice gives
x 0 , u 0 and _ xx are found for each interval by fitting Equation 2 through the position data. The results are used to calculate u(t) (Figure 1c) .
[12] The glacier velocity was $35 m d À1 near the terminus (Figure 1c ), decreasing to 20-25 m d À1 just 4 km upglacier. During calving events the velocities of the markers increased by $3% (0.5 -1.5 m d
À1
). Changes were largest for markers located closest to the terminus and were only detectable within 3 -4 km of the terminus. The velocity changes were comparable to multiplying the longitudinal strain rate at a survey marker by the amount of terminus retreat from a given calving event. We therefore attribute the velocity changes to the glacier rapidly adjusting its stress field as the terminus (a free boundary) moves up glacier.
Calving-Induced Glacial Earthquakes
[13] Our surveying data contradicts the hypothesis that teleseismic glacial earthquakes are generated by glaciers sliding several decimeters to several meters within minutes [Ekström et al., 2003 [Ekström et al., , 2006 Tsai and Ekström, 2007] , possibly in response to calving [Joughin et al., 2008; Tsai et al., 2008] . Such earthquakes are characterized by long period (35 -150 s), large magnitude (M sw 4.6-5.1) tremors that originate from the terminal regions of major outlet glaciers in Greenland (including Jakobshavn Isbrae), occur predominantly in summer, have occurred more frequently as the glaciers have retreated [Ekström et al., 2003 [Ekström et al., , 2006 Tsai and Ekström, 2007] , and appear to be associated with the calving of large, overturning icebergs from grounded termini [Joughin et al., 2008] . Far-field seismic waveforms from the earthquakes can be fit with mass-sliding models using force vectors that are horizontal and parallel to the glacier flow lines [Ekström et al., 2003 [Ekström et al., , 2006 Tsai and Ekström, 2007] .
[14] We propose the alternative hypothesis, consistent with these and our observations, that glacial earthquakes are generated by icebergs overturning (also proposed by Tsai et al. [2008] ) and scraping the fjord bottom during calving. Hydrostatic imbalance during overturning greatly increases the energy of a calving iceberg and, furthermore, icebergs that calve from a grounded or nearly-grounded terminus and penetrate the entire glacier thickness must scrape the fjord bottom as they overturn. Our hypothesis is also consistent with the observation that most known glacial earthquakes that originated near Jakobshavn Isbrae occurred as the glacier was retreating past a shallow pinning point [Luckman and Murray, 2005; Tsai and Ekström, 2007] .
[15] The calving icebergs in Figure 2 penetrated the entire ice thickness and brought dirt to the fjord surface. Thus they were approximately 900 m thick: the glacier was 1000 m thick in the late 1980's at what is now the terminus [Clarke and Echelmeyer, 1996] and has since thinned by 100 m [Thomas, 2004] . Furthermore, since the terminus is grounded during summer, the water depth must not exceed about 800 m. Icebergs that are 900 m thick by 400 m along flow (e.g., Figures 2c-2f) achieve a maximum total vertical dimension of 985 m during overturning; the icebergs can therefore reach $200 m above sea level by pushing off the fjord bottom during calving. The iceberg in Figures 2a and 2b rotated 45°in 30 -40 s; it had a rotational kinetic energy of 5.0 -9.0 Â 10 12 J (1000 m wide, 900 m high, 400 m long). For comparison, a tabular iceberg that ran aground in Antarctica had a kinetic energy of 1.1 Â 10 13 J prior to grounding and produced a moderately sized earthquake (M l 3.6) containing low-frequency tremors (<0.5 Hz). The iceberg contained four orders of magnitude more energy than was needed to produce the M l 3.6 earthquake [Müller et al., 2005] . Thus some calving icebergs contain enough energy to produce glacial earthquakes.
Conclusions
[16] Calving at Jakobshavn Isbrae involves the detachment and overturning of several large icebergs within 30-60 min, causes most icebergs in the ice-choked fjord to move 2 km in an hour, produces ocean waves that are detectable 50 km away, and emits long-lasting and farreaching seismic signals. It is now clear that teleseismic glacial earthquakes are generated during calving events, although the specific source mechanism remains unclear . Despite the large amount of energy released during calving there is little response from the glacier, thus indicating that glacial earthquakes are not caused by episodic rapid glacier slip [e.g., Ekström et al., 2003] . The observations presented here are an important step toward assessing the mechanisms controlling calving at major outlet glaciers in Greenland.
